Two different patterns, one being circular and the other being QDU, of copper (Cu) nanowire arrays were successfully produced by electrochemical deposition and photolithography. The highly-ordered patterns of Cu nanowire arrays were observed to stand freely on the substrate using scanning electron microscopy (SEM). Chemical analyses have been performed on Cu nanowires using energy dispersive X-ray spectroscopy (EDS). The results confirmed that it is mainly composed of Cu. Selected-area electron diffraction (SAED) pattern indicated the nanowires are single crystalline and the growth direction of the nanowires is along the [220] direction. With the deposition time increasing, the length of Cu nanowires increaseed.
INTRODUCTION
Recent innovation in the micro-and nanofabrication has created a unique opportunity for patterning surfaces with features spanning from nano-to milli-meter range in lateral dimensions. Micro-and nanometer-scale patterns can be obtained by photolithography, [1] [2] [3] [4] electron beam lithography, 5 6 soft lithography, 7 micro-contact printing( CP). [8] [9] [10] [11] These techniques have partially the same process: they can transfer patterns onto surface of a substrate. With the development of nanotechnology, a variety of industries, such as biosensor, 12 proteomic arrays 13 and multifunctional coatings, 14 have focused on obtaining patterns with the smallest possible lateral dimensions. 15 Among above mentioned techniques, photolithography is one of the most successful techniques in large-scale microfabrication. 16 The method is effective, low-cost and simple implementation. Researchers have successfully patterned gold nanowires on the surface AAM via photolithography. 1 Here we use this method to make two different Cu nanowire patterns. Due to their electric conduction and potentially useful applications, large-area Cu nanowire patterns will be used in microdevices.
Many methods have been developed for the fabrication of nanowires. Template synthesis is considered to be very useful because it can be used to prepare different types of nanostructures. Much previous work has focused on * Author to whom correspondence should be addressed. the fabrication of copper nanowires, 17 18 since they show high electrical conductivity and are suitable for potential applications such as electronic devices. 19 In this paper, we report an effective procedure for the fabrication of patterned nanowire arrays with micrometer-scale features. This process starts with the fabrication of patterned AAO templates. Then the Cu nanowires are selectively deposited into the modified templates. Finally, the morphology and microstructure of nanowire arrays have been investigated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). This method is suitable for patterning various nanomaterials, such as metal nanowires, semiconductor and polymer nanostructures. The one-dimensional nano-arrays can be applied in many fields. Especially, metal nanowire arrays will be used in microdevices and integrate circuits because of their magnetism and conductivity. In this paper, we mainly master this fabrication method, and then will apply these patterned Cu nanowire arrays in gas ionization sensors and introduce other performances.
EXPERIMENTAL DETAILS

Materials
Porous AAO template (Whatman Anodisc 25) with an average pore diameter of 200 nm (actually from 200 to 300 nm) was treated in alcohol in an ultrasonic bath to clean its surface. The photoresist is the type of BP-212. The photo-mask is a special piece of glass with patterns on one side, and blank on the other side. When the ultraviolet light goes through the patterns, they will be transferred onto the substrate.
Preparation of Patterned AAO Membrane
The membrane was spin-coated with a layer of photoresist at 2700 rpm for 30 sec to seal the pores of the AAO template, then "soft baked" at a low temperature in order to remove the solvents from the photoresist and to improve photoresist-AAO template adhesion. Afterwards, the composite was covered with a photolithographic mask and exposed to ultraviolet (wavelength = 365 nm), and "hard baked" at a higher temperature to further activate the crosslinking process and to improve the mechanical stability of the pattern, 20 and was subsequently developed in a developer, flushed with deionized distilled water several times and dried in nitrogen. The pores of AAO were selectively opened only in the exposed areas.
Electrodeposition of Cu Nanowires
The patterned side of the membrane was sputtered with a layer of Au as a work electrode. In a tri-electrode system, the Cu nanowires were selectively deposited into the open pores using an electrolyte solution of 0.5 mol/L CuSO 4 + 0 1 mol/L H 2 SO 4 . The electrodeposition was carried out using platinum as an anode and a calomel electrode as a reference electrode. Finally, the patterned nanowire arrays were revealed by removal of AAO in a 3 mol/L sodium hydroxide solution. The schematic diagram of the fabrication process of Cu nanowire arrays is shown in Figure 1 .
Characterization of Cu Nanowires
The morphology of the patterns was investigated using a JEOL JSM-6390LV SEM. The structure and microstructure of the Cu nanowires are investigated using a JEOL JEM-2000EX TEM. The specimen for TEM observation was prepared by evaporating a drop (5 L) of the nanowire dispersion onto a carbon-film-coated copper grid. that the distance between two adjacent patterns is 5 m and the nanowire patterns have a diameter of 5 m. An enlarged SEM image in Figure 2 (d) reveals that the length of the free-standing nanowires is 3-4 m. It is believed that when template was dissolved away, the nanowires inclined to agglutinate together to minimize free energy of the system. 21 We can fabricate not only circular patterns, but also various patterns by changing the dimensions of the masks used in photolithographic process. Highly-ordered large area QDU patterns were obtained using the same method, and the SEM images of QDU pattern are shown in Figure 3 . From Figure 3(a) , it can be clearly seen that the whole rows and lines are regular in arrangement, and the distance between two adjacent lines and rows is about 50 m, respectively. An enlarged SEM image of the QDU pattern is shown in Figure 3 the nanowires. The pattern was tilted to reveal the length of the vertical nanowires using SEM, and the SEM image is shown in Figure 3(d). From Figure 3(d) , the length is measured to be approximately 50 m (the depth of AAO is 60 m), and the line width of the letters is about 15 m.
RESULTS AND DISCUSSION
Compared with Figure 2(b) , it can be seen that the nanowires are longer and more ordered in Figure 3(c) . The length and orderliness of the nanowires depend on the experimental conditions. The experimental conditions for the preparation of these samples are summarized in Table I . Sample 1 has a circular pattern (Fig. 2) , while sample 2 has a QDU pattern (Fig. 3) . On one hand, as shown in these two SEM images, the nanowires differ in length. This is due to the different electrodeposition time. The length of the wire is 3-4 m for 5 min and about 50 m for 20 min in deposition, respectively. Under the same experimental conditions, the relationship between length and time is shown in Figure 4 . From Figure 4 , it can be seen that the length of the nanowires increases with the electrodeposition time. On the other hand, the rate of deposition can affect the uniformity of the nanowires. Due to the difference in the thickness of the barrier layer at each pore, the deposition rate becomes different at each pore. Compared Figure 2 (d) with 3(d), low speed (−0 2 V) makes the wires more uniform in length than those obtained at high speed (−0 6 V).
The chemical composition of the nanowires was investigated using the energy dispersive X-ray spectroscopy (EDS). The EDS spectrum in Figure 5 (a) shows that it is mainly composed of Cu with very small amount of gold, carbon and oxygen. The small amount of carbon comes from the photoresist. Usually, the photoresist does not be removed, but can be removed in sodium hydroxide solution when AAO is removed. So some photoresist may be residual. The small amount of oxygen may come from copper oxide the can not be removed completely, and the oxidation of copper takes place readily in the air.
The structure and microstructure of an individual Cu nanowire were characterized by TEM after the AAO template had been thoroughly dissolved. TEM images in Figure 5 (b) shows that the Cu nanowires were dense, continuous and uniform in diameter throughout the entire length of the wires. The diameter distribution of the wires was obtained using the statistical results of more than 50 nanowires. The results show that the diameters of the Cu nanowires are from 200 nm to 300 nm, in good agreement with those of the channels in the AAO template. Figure 5 (c) presents that a single nanowire bent when applied external force, but not break. The result indicates the Cu nanowires have good mechanical properties.
Figure 5(d) shows the corresponding selected area electron diffraction (SAED) pattern, respectively. The SAED pattern of the Cu nanowire does not change along the length of the wire. This indicates that the nanowire is single crystalline. From the SAED pattern, we can tell that the growth direction of the nanowires is along the [220] direction, which is consistent with the report from other groups. 22 
CONCLUSION
We have successfully fabricated two different large-area patterns of copper nanowire arrays through combining photolithography and electrochemical deposition at room temperature. The highly-ordered patterns have uniform structures and stand freely on the substrate after removal of AAO template. The length of the nanowires can be controlled by the electrodeposition time, and the uniformity by deposition rate. Meanwhile, the growth direction of nanowires was examined from the SAED pattern. Based on the EDS and TEM images, the composition and structure of the Cu nanowires are confirmed. The approach described here can be applicable to fabricate a variety of nanowire patterns in different diameters. Our group is working progressively in this field, 23 and is trying to assemble microdevices using metal nanowire arrays with patterns obtained by the photolithography.
